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Abstract 
In copper-based shape memory alloys, within an appropriate range of compositions and temperatures, the  (a long 
range ordered bcc phase) transforms martensitically to an 18R structure by cooling, spontaneous transformation, or by 
application of stress. The martensitic transformation is responsible for the shape memory properties exhibited by these 
alloys. 
The influence of the grain size on Ms and s in a  Cu-11.41Al-0.50Be (wt.%) with a DO3
studied. s increases as the grain size decreases. To analyze the functional 
relation of s with d, the Hall-Petch type mechanical model and modifications by three-dimensional grain constraint were 
analyzed s can not be described by any of these relations in the studied alloy. From the Claussius-
Clapeyron relationship and introducing an additional component of stress associated to the grain constraint effect, the 
decomposition of s in two components is proposed: one of them a function of T and Ms, and the other one a function of T 
and d. 
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1. Introduction 
In copper-based shape memory alloys (SMA), within an appropriate range of compositions and 
temperatures, the  (a long range ordered bcc phase) transforms martensitically to an 18R structure by 
cooling, spontaneous transformation, or by application of stress. The martensitic transformation is responsible 
for the shape memory properties exhibited by these alloys. The spontaneous transformation starts at the 
temperature Ms and it occurs by the formation of up to 24 self-accommodated martensite variants, without 
macroscopic shape change. s, and a 
macroscopic shape change occurs in the material. A single variant of 18R martensite is formed in single 
crystals, that most favored by the applied stress. In polycrystalline samples, the variants with the maximum 
resolved stress according to the grain constraint are formed. 
Ms and s are strongly dependent on the alloy composition, but they are also influenced by the presence of 
microstructural defects like precipitates, atomic disorder, dislocations and grain boundaries. Cuniberti et al., 
2004, reported that the presence of dislocations strongly reduces the number of martensite variants formed in 
Cu-Zn-Al single crystals, producing a decrease of Ms. Romero et al., 1997, found that the defects induced by 
quenching from different temperatures change the martensitic transformation temperatures in Cu-Al-Be 
alloys, mainly due to an excess of vacancies induced by quenching. The effect of the 2 precipitates on the 
martensitic transformation has been studied in Cu-Al-Be polycrystalline alloys by Cuniberti et al., 2009, 
s and Ms. There are some studies in the literature about the 
influence of the grain size on the martensitic transformation in some shape memory alloys: Gil et al., 1995, 
and Kang et al., 2008, studied Ni-Ti alloys; Adnyana et al., 1986, Jianxin et al., 1989, and Kim et al., 1990, 
studied Cu-Zn-X alloys; and Sure et al., 1984, Montecinos et al., 2008, Mukunthan et al., 1988, and Sutou et 
al., 2005, studied Cu-Al-X alloys. However, it has not been reported any systematic and combined study about 
s and Ms with the grain size. 
s -11.41Al-0.50Be 
(wt.%) alloy with DO3 18R transformation. The relative advantage of the Cu-Al-Be alloys is that the grain 
growth can be produced in a controlled manner by heat treatments, without precipitation and without 
detectable change in composition.  
2. Experimental procedure 
-11.41Al-0.50Be (wt.%) polycrystalline alloy under study was provided by TREFIMETAUX, and 
its chemical composition was determined by atomic absorption spectrophotometry. Compression samples 
consistent in cylinders around 3.5 mm diameter and 10 mm length were prepared. To obtain different grain 
sizes, samples were kept in a resistance furnace at 1073 K for different times, and water quenched at room 
temperature. Mean grain size (d) was estimated by the intercept line method from micrographs obtained by 
optical microscopy following the procedure used in Montecinos et al., 2008. Samples with d in the range of 
0.07 and 1.1 mm were obtained.    
Compression tests were performed with a Shimadzu Autograph-DSS-10T-S universal testing machine at a 
constant cross-head speed of 1 mm/min. The samples were immersed in a controlled thermostatic baths at 
different temperatures in the range 270 K-340 K. The temperature of the samples was monitored using a 
chromel-alumel thermocouple. The spontaneous transformation temperature was measured from temperature-
time cooling ramps at 10 K/s, registered with a Cole-Parmer data acquisition module, making use of the slope 
change product of  the exothermic martensite reaction. 
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3. Results and discussion 
The spontaneous transformation temperatures obtained for samples with different grain sizes are presented 
in Figure 1. The decrease in Ms with the decrease of d indicates that the grain boundaries hindered the 
formation of the self-accommodated martensite variants and a higher overcooling is required for the 
transformation. Similar behavior of Ms with d has been reported in other shape memory alloys by Kang et al., 
2008; Jianxin et al., 1989; and Mukunthan et al., 1988. Belkahla et al., 1993, quantified the relationship 
between Ms and the alloy composition, which would be valid in the range of 10-12.5 wt % Al and 0.3-0.65 
wt%, Be: 
273.%893.%711245)( BewtAlwtKMs  (1) 
The temperature Ms obtained from equation (1) for the studied alloy is 261.4 K, and it is indicated in 
Figure 1. Belkahla et al., 1993, determined this relationship by calorimetry on polycrystalline samples, 
however, the authors do not report the grain size of the samples. According to our results, the value of the 
calculated Ms corresponds to a grain size of around 0.7 mm.     
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Fig. 1. Variation of Ms with the grain size. The temperature determined from the relationship of Belkahla et al.,1993, is indicated.  
Figure 2a shows the stress-strain curves - ) obtained by compression tests at 280 K on samples with 
three representative grain sizes: 1.1 ± 0.07 mm, 0.72 ± 0.04 mm and 0.07 ± 0.001 mm. The curves are typical 
, and the stress 
corresponding to the end of the linear part will be referred hereafter as the martensite-start stress, s. The 
subsequent stress-strain stage corresponds to the progress of the martensitic transformation. On removing the 
load, a hysteresis loop is formed, and almost complete recovery of the deformation is obtained. As can be 
observed from Figure 2a, the pseudoelastic cycles show significant changes with the grain size. The variation 
s with the grain size at different temperatures is presented in Figure 2b. s increases as the grain size 
decreases, and higher stresses are required with increasing temperature. s for smaller d has 
been reported in other shape memory alloys: in Cu-Zn-Al by Adnyana, 1986, and Kim et al., 1990; in Cu-Al-
Mn by Sutou et al. 2005; and in Cu-Al-Be by Montecinos et at., 2008.  
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- s with the grain size 
at different temperatures. 
There are few systematic studies reported in s and d. The 
work of Adnyana can be mentioned [Adnyana, 1986], who studied Cu-Zn-Al alloys, s follows 
a Hall-Petch type s has a linear behavior with d-1/2 for small grain sizes, between 0.035 
and 0.05 mm. It is important to note that this range of grain sizes is rather reduced. For the study of 
polycrystalline shape memory alloys is common to use the relative grain size d/D (grain size/diameter of the 
sample) as a parameter which describes the effect of the grain constrain, as has been used by Montecinos et 
al., 2008, and Sutou et al., 2005. The use of a three-dimensional grain constrain parameter, (1-d/D)2, was 
proposed by  Sutou et al., 2005, and they found that s follows a linear relationship with this parameter in Cu-
Al- s with (d/D)-1/2 and with (1-d/D)2 for the studied alloy 
at different temperatures. The values reported for Cu-Al-Mn subjected to tensile tests at a temperature set on 
Ms + 50 K, with Ms in the range 213-250 K, reported by Sutou et al., 2005, are included. A linear relationship 
with any of the parameters is not observed in the obtained curves in our case. Additionally, a fitting was done 
using a d-n type relationship, with n as the free variable. It was found that there is no single value of n to fit the 
curves for the different temperatures.  
To s and the grain size, a thermodynamic model is proposed based on 
the Claussius-Clapeyron equation. In single crystals, the spontaneous transformation starts at a temperature 
s-T relationship can be approximated as: 
)( MsT
V
S
tm
s   (2) 
where S is the entropy difference between  and martensite, t is the transformation strain, and Vm is the 
molar volume. by 
Romero et al., 1989, equation (2) leads to s/dT approximately constant. 
s as a function of (T-Ms) for samples with different grain sizes are presented in 
Figure 4. The temperature Ms for each grain size was estimated from Figure 1. The values corresponding to a 
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single crystal with similar composition subjected to tensile tests reported by Cingolani et al., 1999, are also 
s is linearly related to the temperature, verifying the Claussius-Clapeyron relationship for all d, as 
was found by Montecinos et al., 2011. For the single crystal, an extrapolated value of stress close to zero is 
obtained at a temperature T=Ms, as expected from equation (2). However, the extrapolated stress value at 
T=Ms is not zero for the polycrystalline samples, and it increases as the grain size decreases.       
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Fig. 3. V s with (d/D)-1/2 (a) and with (1-d/D)2 (b) at different temperatures. 
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Fig. 4. s with (T-Ms) for samples with different grain sizes. The values corresponding to a single crystal with a similar 
composition reported by Cingolani et al., 1999, are also included.  
The effect of the grain size on s for polycrystalline samples can be considered introducing an additional 
stress component in equation (2) d(T,d). As was proposed 
by Montecinos et al., 2011 s can be written as: 
154   S. Montecinos and A. Cuniberti /  Procedia Materials Science  1 ( 2012 )  149 – 155 
),())((),( dTdMsT
V
SdT d
tm
s  (3) 
s can be then considered as the addition of two components, s Ms d, with: 
))((),( dMsT
V
SdT
tm
sM   (4) 
It has been found by Montecinos et al., 2011, t s increases with the decrease of d, and it has been 
d d. A constant value of ~ 2.4 MPa/K has been obtained for a grain size ~  
0.7 mm and larger. A close value of 2.1 MPa/K has been reported for well oriented Cu-Al-Be single crystals 
2) by Cingolani et al., 1999, and for Cu-Al-Be polycrystalline samples with d 
 by Isalgué et al., 2008, both obtained by tensile tests and for alloys with a similar chemical 
composition. Considering m t) as a constant and equal to 2.4 MPa/K, and the values Ms(d) of 
Figure 1, it Ms(d) for a fixed temperature. s as a function 
of d for different temperatures (Figure 2b), we d( d= s  Ms. Ms and d as a 
function of the grain size are presented in Figure 5 for two representative temperatures, 280 K and 330 K. At 
d is observed for small d, while for higher grain sizes both contributions are 
Ms d 
is important for small grain sizes. For d higher than 0.7 mm, d keeps its value in ~ 33 MPa for any 
temperature.      
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Fig. 5. d Ms with the grain size at 280 K (a) and 330 K (b).  
4. Conclusions 
The influence of the grain size s -11.41Al-0.50Be (wt.%) with a DO3
transformation was studied. Samples with d between 0.07 and 1.1 mm were used, and they were obtained by 
heat treatments at 1073 K.  
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By cooling curves, it was determined that Ms decreases as the grain size increases, indicating that the grain 
boundaries difficult the formation of self-accommodated martensite variants.  
The pseudoelastic cycles induced by compression tests show s 
increases with the decrease of d, and higher stresses are required as the temperature increases. To analyze the 
s with d, Hall-Petch type mechanical models and modifications by three-dimensional 
s can not be described by any of these relations in the 
studied alloy. From the Claussius-Clapeyron relationship and by introducing an additional component of 
s in two components: 
one of them a function of T and Ms, and the other one a function of T and d.   
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